Abstract This paper critically reviews and intercompares land surface schemes (LSSs) as used in atmospheric general circulation models (AGCMs) to simulate soil moisture and its response to a warmer climate, and potential evapotranspiration approaches as used in operational soil moisture monitoring and in predicting the response of soil moisture to a warmer climate. AGCM predictions of overall soil moisture change are in broad agreement but disagree sharply in some regions. Intercomparison projects have sought to evaluate the LSSs used by AGCMs for both accuracy and consistency. These studies have found that different LSSs can produce very different simulations even when supplied with identical atmospheric forcing. As well, LSSs that produce similar surface results from present-day or control climates often diverge when forced with climatic change data. Furthermore, no single LSS has been identified that produces an adequate simulation of all of temperature, moisture, evapotranspiration and runoff. AGCM LSSs must resolve the surface energy balance (SEB) in order to compute realistic heat fluxes between with the atmospheric model. LSSs have been used with AGCMs in both on-line (fully coupled) and off-line modes. In off-line climatic change experiments, AGCM predictions of atmospheric temperature and precipitation have been used, along with model downward radiative fluxes at the surface, to drive their own uncoupled LSS. However, there are simple nonenergy-balance methods for estimating evapotranspiration that have been traditionally used in agricultural and meteorological applications. These schemes compute a potential evapotranspiration (PE) based on temperature and/or net radiation inputs, with the PE modified based on the availability of soil moisture. Operational PE approaches have also been used with AGCM data in off-line climate change experiments. The advantages of this approach are that it is simpler and requires less information, although (like the off-line SEB approach) it leaves out the simulation of feedbacks between the surface and the atmosphere. Although the SEB approach is essential for LSSs that must be coupled to AGCMs, this does not necessarily make it superior to an off-line operational PE LSS when it comes to Climatic Change (2007) Department of Geography, University of Toronto, 100 St. George Street, Toronto, ON M5S 3G3, Canada e-mail: cornwella@geog.utoronto.ca quantities such as soil moisture. The quality of current observational data is insufficient to demonstrate that either approach is better than the other. Both approaches should continue to be used and intercompared when predicting the impacts of climatic change on soil moisture.
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Introduction
Changes in soil moisture will play a major role in the impacts of climatic change on agricultural production and on natural ecosystems (Robock et al. 1995; Gregory et al. 1997) . Soil moisture deficits restrict plant respiration and reduce productivity. Extremely high or low soil moisture levels can lead to flooding or drought, and dry soil extends the length of heat waves (Brabson et al. 2005) , all of which can have disastrous effects on crop yields.
The best available tool for predicting climatic change is the atmosphere-ocean general circulation model (AOGCM) (Kattenberg et al. 1996; Mearns et al. 2001 ). The atmospheric component of an AOGCM (the atmospheric GCM or AGCM) is coupled to a land-surface scheme (LSS) and used to predict changes in soil moisture. However, AGCM predictions of the magnitude and location of soil moisture changes often disagree and are often difficult to compare with one another (Houghton et al. 1996) . The land surface schemes employed by the various AGCMs differ considerably, and their accuracy is questionable Srinivasan et al. 2000) ; often the modellers' focus is on the surface energy balance, rather than the water budget Dirmeyer 2004 ). This presents a problem when assessing the impacts of climatic change on surface water supplies. Robock et al. (1998) evaluated the present climate simulations of the 30 models that took part in the first Atmospheric Model Intercomparison Project (AMIP-I). They found significant differences in simulating soil moisture, particularly in the tropics, and overall excessive drying during the summer when compared to observations. A follow-up study by Srinivasan et al. (2000) examined the revised AMIP-I models, but did not find any systematic improvement in the results. Some of the discrepancies between models doubtlessly stem from disagreements in the various atmospheric models employed by the AGCMs; however, Bell et al. (2000) found that the structure of the LSS also leads to systematic differences in the AGCM simulations of surface temperature, precipitation, and soil moisture. Henderson-Sellers et al. (2003a) and Zhang (2004) identified the same pattern in the AGCMs of AMIP-II. Furthermore, the Project for Intercomparison of Land Surface Parameterizations (PILPS) found that no single LSS represented all of the important characteristics consistently . As well, a lack of quality observational data hinders attempts to evaluate LSS performance (HendersonSellers et al. 2002; Henderson-Sellers et al. 2003b; Varis et al. 2004) . This paper reviews the major findings of LSS intercomparison studies, with particular emphasis on the implications for simulating the impact on soil moisture of changes in climate. An alternative approach to modelling land surface climate change, using potential evapotranspiration methods, is also examined, and the relationships between the two approaches clarified. At issue is how much confidence should be placed in current predictions of future changes in soil moisture, and which approach is more reliable. We argue here that with our current observational limits neither method can be proven to be more reliable, and so predictions from either should be treated with equal merit. The use of alternative approaches, if they yield consistent results, will increase the credibility of predicted changes involving otherwise highly uncertain processes.
A problem of definition
One problem in discussing soil moisture modelling is that the quantity itself is often poorly defined. As noted above, from the standpoint of an AGCM, the latent heat flux and associated moisture transfer are the points of interest, and as long as the evapotranspiration is reasonable the change in the storage of water is of secondary importance Dirmeyer 2004) . As a consequence, the definition and treatment of soil water varies from one model to the next. Dirmeyer (2004) provides a useful overview of several of these treatments. He categorized the approaches taken by modellers as either a water mass approach ("soil moisture" measured in units such as kg m −3 or millimetres) or a physical index approach ("soil wetness" given as the volume of water as a fraction of the pore volume). In either case, a further distinction can be made between the total amount of water in the soil and an amount referred to as the "plant available" soil water. The latter is delimited by the "wilting point" (the dry limit beyond which plant roots are no longer able to extract any of the remaining water) and the amount of water at saturation.
Given these varying definitions, and that evapotranspiration is the key AGCM quantity, it is tempting to focus on evapotranspiration for this review as well. Nevertheless, those AGCMs that close the surface water balance do necessarily claim to model soil moisture. Some expression of the total water available for evapotranspiration must be maintained. While soil moisture change may merely represent the residual of evapotranspiration and precipitation from the modelling perspective, it is of critical importance from the perspective of determining the impacts of climate change (global or local) (e.g. Brumbelow and Georgakakos 2001; Brabson et al. 2005) . As well, the parameterizations of runoff also vary between AGCM LSSs, and this process is felt directly by the soil moisture variable. Leplastrier et al. (2002) note that focusing too much on reducing the errors in evapotranspiration (and runoff) in a LSS can actually increase the error in other quantities.
While evapotranspiration concerns dominate this review, it is our opinion that in order to get the full picture of uncertainties and inconsistencies between AGCM LSSs all of the factors that play a role in the LSS determination of soil moisture are important.
Land surface modelling in AGCMs

Requirements and limitations
Coupling land surface and atmosphere components together in an AGCM requires, at a minimum, modelling the energy transfer processes: exchanges of radiation, sensible and latent heat fluxes, friction between the air and surface , and precipitation. In early AGCMs, sensible and latent heat fluxes were generally treated as quasi-diffusive processes using the method of Budyko (1956) . Soil moisture storage was estimated using a simple "bucket" model (e.g. Manabe 1969) , in which moisture storage occurs in a bucket of limited capacity. Precipitation fills the bucket, evapotranspiration takes water away, and any remainder beyond the bucket's capacity is lost as runoff.
Stomatal resistance to evapotranspiration increases in response to decreases in available soil moisture, and also in response to increases in CO 2 (Henderson-Sellers et al. 1995a; Lockwood 1999) . More recent AGCMs therefore use a category of LSS called surfacevegetation-atmosphere transfer (SVAT) schemes, which include representations of the vegetation canopy and its roles in controlling evapotranspiration and intercepting precipitation (Henderson-Sellers et al. 2002) . In these schemes, moisture and energy transfers within the soil are modelled using multiple soil layers; the top layer can interact directly with the atmosphere while water can filter down to lower layers and be brought back up through the root system . Examples of SVATs include the Simple Biosphere Model (SiB and SiB2) (Sellers et al. 1989; Sellers et al. 1996) , the Biosphere-Atmosphere Transfer Scheme (BATS) , the Met Office Surface Exchange Scheme (MOSES) (Cox et al. 1999 ) and the Canadian Land Surface Scheme (CLASS) (Verseghy 1991; Verseghy et al. 1993) .
At high latitudes or altitudes, LSSs must also deal with snow. Precipitation falling at temperatures below the freezing point typically falls as snow and accumulates on the surface. Some of this snow may melt during the course of temperature changes through the winter, but generally the majority of the snow cover melts during a relatively short time period in the spring, releasing large amounts of water. Much of this water runs off before it has time to infiltrate the soil; if the soil is still frozen when the ice melts, this may also inhibit the infiltration of meltwater (Pitman et al. 1999b) . Snow cover also has a high albedo and acts as an insulator between the atmosphere and the land surface, greatly reducing heat and moisture transfers (Lynch-Stieglitz 1994) .
Evapotranspiration has a strong influence on (and is influenced by) not only soil moisture, but also the overall climate simulated by AGCMs (Huang et al. 1996; Ducharne et al. 1998; Dirmeyer et al. 2000; Koster et al. 2004) , so accurate calculations for this quantity are very important. Validation of the various LSSs is a difficult task, as there are very few long-term observations of quantities such as soil moisture storage or evapotranspiration. Those that do exist are generally limited in spatial scale and not necessarily of good quality (Roads et al. 1994; Henderson-Sellers et al. 2002) . The Global Soil Wetness Project (GSWP) was founded to address this issue. The project is an attempt to combine what observations do exist with remote sensing techniques to eventually provide global data sets of land surface quantities and fluxes (Dirmeyer et al. 1999; Dirmeyer et al. 2002) .
AGCM LSS intercomparisons
AGCM LSSs have been intercompared in a variety of ways, both in terms of their simulation of soil moisture for current climate conditions, and in terms of simulated changes in soil moisture under various global warming scenarios.
Comparisons under present-day steady-state climates
Many experiments have been conducted to compare the steady-state climates of LSSs. Polcher et al. (1996) compared three different AGCM LSSs using imposed atmospheric conditions in a set of 'off-line' (not coupled to an atmosphere AGCM) simulations. The authors found significant differences between the three schemes even when each was supplied the same atmospheric forcing. However, the authors were able to dramatically reduce the discrepancies by making adjustments that brought the surface resistance to evapotranspiration and soil moisture capacity of the three LSSs closer together. Chen et al. (1996) chose four very different LSSs and compared them with five months (May-October) of direct observations over a very small area. They found that while the quality of the simulations compared to observations did not necessarily depend on the complexity of the LSS, the two LSSs that did not explicitly account for changes in canopy resistance did not adequately represent evapotranspiration. In particular, they found that the Manabe (1969) bucket model systematically overestimated evapotranspiration from wet soils. This is consistent with other intercomparisons such as Bell et al. (2000) and Henderson-Sellers et al. (2003a) . Ducharne and Laval (2000) investigated the influence of the available soil moisture capacity in a coupled AGCM-LSS. They found that an increase in the moisture capacity led directly to an increase in the average annual evapotranspiration, and to regional precipitation increases in mid-latitude and decreases in the intertropical convergence zone. Rainbelts were particularly sensitive even to moisture capacity increases of only 10-20%. Wu and Dickinson (2005) compared AGCM-LSS modelled precipitation with observations from the Great Plains region of the US. In this study the model underestimated mean summer rainfall but overestimated the variability. The authors concluded that evaporation (as opposed to transpiration) was contributing excessively to precipitation variability.
The Project for Intercomparison of Land-Surface Parameterization Schemes (PILPS) is a project designed to improve land surface modelling through comparisons of the steady-state climates of many diverse AGCM LSSs Henderson-Sellers et al. 1995b; Henderson-Sellers et al. 2002) . There have been four phases in PILPS; the first two dealt with off-line experiments using atmospheric data prescribed either from a single AGCM or observational data sets (Shao and Henderson-Sellers 1996; Pitman et al. 1999a ). The other two phases were on-line; the third phase compared LSS climates when coupled to their matching AGCM (Irannejad et al. 2001) , and the fourth phase coupled several LSSs to a common AGCM (Zhang et al. 2001) . Tables 1, 2 , 3, and 4 summarize the key findings of the PILPS project. Some features stand out from these analyses as being particularly important in differentiating LSSs. The soil moisture capacity is one quantity that is very important and yet often poorly addressed. Early LSSs used a uniform soil moisture capacity -typically 15 cm of equivalent water depth (Vinnikov and Yeserkepova 1991) -and this has been used even in some recent AGCM simulations (e.g. Emori et al. 1999; Boer et al. 2000) . PILPS studies showed that There is agreement in annually averaged surface temperatures, but this is not apparent at diurnal or shorter timescales Yang et al. 1995 The spin-up time required by LSSs depends on their soil moisture storage capacity Layers below the rooting zone are unimportant to the surface equilibrium Koster and Milly 1997 The most important features of a LSS are the partitioning of precipitation into interception and throughfall, and partitioning soil moisture into evapotranspiration, runoff and continued storage LSSs can be characterized by the efficiencies of evaporation and runoff from unsaturated soils the soil moisture capacity is a key factor in the spin-up time of a LSS (Yang et al. 1995) , in calculations of transpiration by a vegetation canopy (Mahfouf et al. 1996) , and, most importantly, in the generation of surface runoff and subsurface drainage (Mahfouf et al. 1996; Desborough 1999 ). Koster and Milly (1997) constructed a simple water balance model designed to replicate each of the off-line LSSs from the first phase of PILPS. Their model used a monthly time scale and was specifically calibrated for the tropical rainforest area of the PILPS experiment. They were successful in using this model to reproduce the annual cycle of evaporation of each of the 16 PILPS LSSs. After analyzing the sensitivity of the parameters and formulae of their simple model, they concluded that the most important features controlling the differences between the evaporation rates simulated by the PILPS LSSs were those determining the partitioning of throughfall into runoff and evapotranspiration, and those determining canopy interception. Of particular importance (as in Desborough Desborough et al. 1996 Divergence in the evaporation fluxes simulated by LSSs increased when temperature and soil moisture conditions were prescribed. This is due to the different formulations for bare soil evaporation; evaporation was more consistent when LSSs were allowed to simulate their own surface conditions Accurate simulations of evaporation and runoff can be achieved without an accurate value of the total soil moisture storage Mahfouf et al. 1996 Disagreements during the growing season in LSS simulations come from: the initial soil moisture content; relationships between soil moisture levels and transpiration; and soil moisture capacity Henderson- Sellers et al. 1996 No single LSS adequately simulates all of the important observed variables (soil temperature, soil moisture, evapotranspiration and runoff) satisfactorily or consistently Shao and HendersonSellers 1996 Schemes with very different partitioning of runoff and evapotranspiration can have very similar soil moisture predictions The choice of LSS physics may need to depend on the purpose of the LSS Henderson- Sellers 1996 Observations of a few months or less cannot be used to validate LSSs because response times for some schemes are several months in length Soil moisture prediction is inconsistent and generally inaccurate Chen et al. 1997 The quality of land surface observations is insufficient to identify some LSSs as being more accurate than others Liang et al. 1998 LSSs with similar monthly mean heat fluxes can have quite different monthly standard deviations; therefore LSS intercomparisons should span multiple years Pitman and HendersonSellers 1998 The scatter in evapotranspiration simulated by off-line LSSs is higher when the prescribed precipitation is lower Desborough 1999 Most LSS disagreement at the daily level can be explained by two factors: surface complexity (multiple soil layers and vegetation canopy functions); off-line corrections to the turbulent transfer parameters in the atmosphere However, at monthly or larger timescales, a simple surface with constant evapotranspiration resistance is as good as a scheme with time-varying resistance Leplastrier et al. 2002 Additional surface energy balance complexity produces little improvement outside the calibration period Evaporation and runoff may not be the best quantities for calibration et al. (1996) ) were the runoff and evapotranspiration predicted by a given LSS when the soil moisture was less than capacity. Gedney et al. (2000) also characterized coupled LSSs from four AGCMs with a few general equations. They determined that the calculation of surface and subsurface runoff, again particularly at times when the soil was partially dry, was critical not only to steady-state climate simulations, but also in deciding the sensitivity of the LSS to climate change. Leplastrier et al. (2002) , Pitman et al. (2004) and Bagnoud et al. (2005) used modular LSSs to conduct off-line experiments using different levels of complexity to simulate the surface energy balance. They found no evidence that energy balance complexity had any systematic influence on air temperature variance. However, Pitman et al. (2004) also examined the results of AMIP-II and found that the more complex LSSs did simulate air temperature variances that were closer to observations. These studies support the conclusions of Koster and Milly (1997) and Gedney et al. (2000) that the surface hydrology dominates the LSS contributions to climate simulation.
PILPS studies found that the presence of a vegetation canopy in LSSs was important not only for estimating intercepted precipitation, but also for providing resistance to evapotranspiration from the soil (Mahfouf et al. 1996; Koster and Milly 1997; Desborough 1999) . However, at time scales larger than 1 day, Desborough (1999) found that a calibrated surface resistance that was constant in time could work just as well. PILPS LSSs that did The differences in surface temperatures predicted by LSSs in Phase 1 and Phase 2 were increased when coupled to their host AGCMs Evapotranspiration depends on the availability of surface energy in wet areas, and on precipitation in dry areas such as mid-latitudes Qu et al. 1998 The hypothesis that on-line feedbacks between LSS and AGCM dampen land-surface differences is incorrect or at least unproven Robock et al. 1998 LSSs show excessive summer drying. Differences between models are particularly evident in the tropics Irannejad et al. 2001 No model accurately captures both sensible and latent heat fluxes in all regions or climates LSSs agree best in very cold or very humid climates The choice of LSS has a significant impact on convective precipitation in the AGCM Zhang et al. 2001 LSSs that produce very similar evapotranspiration off-line can diverge when coupled to the same AGCM Henderson- Sellers et al. 2002 Many LSSs underestimate runoff, which causes them to overestimate evapotranspiration LSSs that do not include surface resistance to evapotranspiration perform relatively poorly Comparisons and assessments of LSSs are hampered by the lack of quality, global-scale observations not include some sort of surface resistance to evapotranspiration performed poorly (Henderson-Sellers et al. 2002) .
The PILPS project also uncovered some fundamental uncertainties in AGCM approaches to modelling the land surface. PILPS authors repeatedly noted that none of the participating LSSs consistently captured all of the important land surface features to a reasonable degree of satisfaction Irannejad et al. 2001) . This is compounded by the lack of accurate, long-term and large-scale observations -often the estimated error bounds on the observations are of the same magnitude as the divergence in the LSS simulations (Henderson-Sellers et al. 2002) .
Henderson- Sellers et al. (1995b) and Qu et al. (1998) reported that the divergence among LSSs increased when they were coupled to their home models in phase 3. Perhaps more importantly, Zhang et al. (2001) calibrated several versions of a LSS, of varying complexity, so that when forced with off-line observations the results of each version were similar. However, when the LSSs were coupled to an atmosphere model, the simulations of surface temperature and evapotranspiration diverged -the off-line agreement was not maintained.
The Global Land-Atmosphere Coupling Experiment (GLACE) is an ongoing intercomparison project that is investigating the strength of the influence of LSSs on AGCMs; for example, the question of to what extent soil moisture amount influences precipitation is under investigation (details at http://glace.gsfc.nasa.gov). Its pilot project, a four-model intercomparison, showed that this coupling strength varies significantly between models (Koster et al. 2002) . A subsequent and larger (16-model) intercomparison identified regions where surface conditions had the strongest effects on precipitation (Koster et al. 2004 ). The authors determined that the model coupling was strongest in "transition zones" between wet and dry climates, where precipitation can be high but evaporation is still sensitive to soil moisture depletion. Both GLACE studies noted the dilemma that, while there is significant variability in the coupling strength among AGCM-LSSs, the real world coupling strength is not known.
Comparisons of simulated changes in soil moisture
Gedney et al. (2000) and Crossley et al. (2000) compared LSSs with and without a background climatic change. Both studies concluded that LSSs with similar stable climate simulations could have very different responses to simulated climatic change when coupled to AGCMs. Crossley et al. (2000) examined the effects of changing LSSs with four AGCMs. Each AGCM was coupled with two different versions of its own LSS (meaning eight different LSSs were available, but only the two versions of each AGCMs LSS could be used in any given model, since the LSSs were incompatible with each other). They examined the differences in the control hydrology using the different LSSs in each AOGCM, as well as the differences between different AGCMs (which are due both to the use of different AGCMs and different associated LSSs). They also ran 1×CO 2 and 2×CO 2 experiments, and examined the differences in the response of evaporation, precipitation, surface-air temperature, cloud cover, and net surface shortwave radiation at the surface to a doubling of CO 2 . The size of differences in the control climate between two different versions of an LSS, compared to the differences arising from using different AGCMs (and associated LSSs) depends on the variable being considered and the geographical location (especially latitude). However, the impact of differences in LSS, relative to the impact of differences in AGCMs, is generally greater when examining the climate response than in examining the control climate. They concluded that a change in LSS that has little effect on the control soil moisture budget of an AGCM can have a significant effect on the sensitivity of the soil moisture budget to a warmer climate, and vice versa. Irannejad et al. (2003) developed pseudo-LSSs by using systems of linear equations to emulate the AGCM-LSSs of AMIP-II. The pseudo-LSSs were then run off-line with the atmospheric conditions from each of the other AMIP-II AGCMs. They concluded that the impact of changes to land surface parameterizations is dependent on the atmospheric conditions, and that this impact may change if the atmospheric conditions (i.e., climate) change.
As noted above, Phases 3 and 4 of PILPS showed that the difference between LSSs increases when they are coupled to atmospheric models (Henderson-Sellers et al. 1995b; Qu et al. 1998; Zhang et al. 2001) , even in the absence of climatic change. The results of Gedney et al. (2000) ; Crossley et al. (2000) and Irannejad et al. (2003) suggest that introducing climatic change into the simulations can increase divergence even further. To the extent that soil moisture change has an important influence on climate, particularly precipitation (see Koster et al. 2004; Wu and Dickinson 2005) , this casts doubt on the quality of AGCM predictions.
Variations in the temperature and precipitation changes provided by AGCMs to LSSs are of course another source of divergence in predicted changes in soil moisture. These differences are quantified and illustrated in Harvey (2004) , and can be quite large in some regions, although for the latest generation of AGCMs there is better agreement than among previous AGCMs.
4 Estimation of evapotranspiration from land surfaces Varis et al. (2004) provided a detailed overview of the challenges posed in applying climate model studies to water resources management. They stated that AOGCM output remains "crude and even inappropriate to watershed-scale hydrological analyses". From the foregoing discussion it can be seen that a number of problems and difficulties remain in the use of AGCM LSSs to predict changes in soil moisture in response to anticipated warming. It is appropriate, therefore, to briefly review the overall approach taken in AGCM LSSs -which is based on the surface energy balance -and to contrast this with the potential evapotranspiration (PE) approach, which is widely used in operational applications such as the prediction of irrigation requirements for crops, the prediction of crop yields, and the detection of emerging drought conditions.
We will work through a hierarchy of PE approaches, the first of which is most closely tied to the physics underlying the energy-balance approach of AGCM LSSs. Indeed, the evaporation computed in AGCM LSSs can be recast as a PE times a function that depends on the soil moisture, and the other components of the surface water balance -snowmelt, precipitation, and runoff -can be formulated in exactly or almost exactly the same way in operational schemes as in AGCMs. The difference between AGCM LSSs and operational PE schemes lies in the fact that an attempt is made to compute evaporation directly in terms of the driving physical forces in AGCMs, while in the operational PE scheme, PE is parameterized in terms of readily available input variables.
Formulations used in AGCMs and in operational settings
The land surface can be treated in a climate model as a thin slab with a finite (and non-zero) heat capacity, or it can be regarded as an infinitely thin interface (with zero heat capacity) between the atmosphere and the soil. In the first case, surface temperature is determined prognostically through an equation of the form
where R=c p h is the "thermal inertia" (J m −2 K −1 ) of the surface slab of thickness h, Q* is the net surface radiation, Q H is the sensible heat flux, and Q E is the latent heat flux, equal to L e E, where L e is the latent heat of evaporation and E is evaporation flux. In the latter case, surface temperature is determined diagnostically by solving the equation,
where Q G is the heat flux into the soil. In most current models, a mixed prognosticdiagnostic approach is used. For example, the temperature of a surface soil slab and of canopy air can be determined prognostically, while the temperature of a zero-heat-capacity canopy foliage layer that is inserted between the soil and first model atmospheric layer can be determined diagnostically. In this case, separate sensible heat and moisture fluxes from the soil and the foliage to the canopy air, and from the canopy air to the free air above the canopy, are computed, as explained in Harvey (2000, Box 10 .2). In AGCMs, the sensible heat and evaporation fluxes are computed using the bulk aerodynamic or an equivalent approach, in which the driving forces are the surface-to-air temperature and humidity differences, respectively. That is,
respectively, where ρ is air density; c p is the specific heat of air; C D is a coefficient that depends on wind speed, atmospheric stability, and surface roughness; U is the near-surface wind speed; T s and T a are the surface and air temperatures, respectively; q s and q a are the surface and air specific humidities, respectively; E p is potential evapotranspiration; and β is a factor equal to 1.0 when the availability of soil moisture does not restrict evaporation and less than 1.0 when soil water is limiting. The surface specific humidity is computed as
where e sat (T s ) is the saturation vapour pressure evaluated at the surface temperature T s . The term potential evapotranspiration was defined by Thornthwaite (1948) as the evapotranspiration from a vegetated surface when the supply of water is not limiting. Thus, the evaporation rate given by Eq. 4 can be thought of as a potential evaporation times a factor (β) that reduces the evaporation by an amount depending on how dry the soil is. The evaporation given by Eq. 4 with β=1.0 will be somewhat greater than the potential evapotranspiration as defined by Thornthwaite (1948) , since, under water-limiting conditions (used in Eq. 4), the T s will be warmer than if water is plentiful (the condition to which Eq. 4 should be applied in order to compute E p ). This inconsistency has been discussed by Milly (1992) , and is important if the formulation of β as a function of soil moisture is meant to apply to the E p that would be computed using the temperature that would arise under conditions of plentiful moisture, rather than to the E p computed based on the actual surface temperature.
The vapour pressure inside a leaf can be assumed to be at the saturation vapour pressure corresponding to the leaf temperature, so e sat (T s )−e a is indeed the correct driving force for evapotranspiration (as long as T s is the foliage temperature which, as noted above, is a predicted variable in most AGCMs). Actual evapotranspiration depends on the resistance to vapour flow from inside the leaf to the free air. Thus, an alternative to the bulk aerodynamic formulation is the resistance formulation of Q H and Q E , given by
and
respectively, where r s is the surface or stomatal resistance (governing vapor flow from inside the leaf, through the stomata to the surface of the leaf), r a is the aerodynamic resistance (governing the flow of both heat and moisture from the surface of the leaf to the surrounding air), and γ=c p P a /0.622L e is the psychrometric constant. The surface resistance r s depends on the stomatal opening, which in turn depends on soil moisture (in the most recent AGCMs, in which the coupled moisture and carbon fluxes are computed, r s also depends directly on the atmospheric CO 2 concentration, or on the rate of photosynthesis as governed by soil moisture, temperature, atmospheric CO 2 , and the availability of photosynthetically-active radiation). Potential evapotranspiration can be defined as E when r s =0. Thus, Eq. 7 can be written as
The computation of evaporation using Eqs. 4 or 7 requires a knowledge of the surface temperature, which is readily available in AGCM simulations. However, in the real world, T a can be easily measured but T s cannot be readily measured. This has led to the development of a number of operational formulations of evapotranspiration that can make use of readily available observations. Among the widely used formulations are those developed by Penman (1948) and further developed by Monteith (1965) .
The surface saturation vapour pressure e sat (T s ) can be approximated in terms of the atmospheric saturation vapour pressure and the surface-air temperature difference using a first-order Taylor Series Expansion,
Combining Eqs. 6, 7 and 9 with the surface energy balance given by Eq. 2, one obtains
where Δ=de sat /dT. This is the Penman-Monteith equation or "combination model" for unsaturated surfaces. When r s =0, Eq. 10 gives the Penman (1948) equation. It embodies the dependence of Q H and Q E on T s −T a and q s −q a , respectively, as in the bulk aerodynamic equations used in climate models, but neither T s nor q s appear explicitly.
The Penman-Monteith equation is generally interpreted as implying that evaporation is driven by two terms: the net radiation at the surface (minus the conductive heat flux into the ground, which can be estimated empirically), and the atmospheric vapour pressure deficit (VPD, e sat (T a )−e a ). However, it is clear from the above derivation that the VPD is merely a proxy for the single physical driving term, e sat (T s )−e a , and that the net radiation only indirectly drives evaporation, to the extent that it serves to maintain the surface temperature in the face of evaporative cooling. Thus, the Penman-Monteith equation is based on the same underlying physics as in AGCMs.
Under conditions of no water stress (r s =0), the Penman-Monteith equation can be rewritten as
For a remarkably wide variety of land surfaces under well-watered conditions, the second term in Eq. 11 is 0.27-0.28 times the first term. Thus, the latent heat flux during potential evapotranspiration is given by
This is the Priestley-Taylor Equation, originally derived empirically in a somewhat different way (Priestley and Taylor 1972).
A limitation in the use of the Penman-Monteith equation (or the empirical PriestleyTaylor equation) is that radiation data are not as widely available as surface-air temperature data. Thornthwaite (1948) developed an empirical formulation of E p that requires only screen-level air-temperature data as input:
where
T M is the climatological monthly average temperature, and h is the hours of sunlight per day. Thornthwaite (1954) proposed using β=w/w*, where w is the soil water content (expressed as a depth of water) and w* is the soil-moisture holding capacity (assumed to be 10 cm everywhere). This computation of E p is combined with a simple formulation of runoff, and with data on monthly precipitation input, to compute changing end-of-month soil moisture amounts. In summary, the evaporation computation in AGCMs and as used in operational settings involves, or can be formulated to involve, a potential evapotranspiration (E p ) times a term that depends on the availability of soil moisture. The difference is in how E p is computed.
In AGCMs, it is computed based on the physical driving term (e sat (T s )−e a ), while in operational applications, it is computed based on easily measurable quantities -either net radiation and surface air temperature (Penman-Monteith) , net radiation alone (PriestleyTaylor), or air temperature alone (Thornthwaite) . As air-temperature data are more readily available than radiation data, the Thornthwaite method is perhaps the most widely used operational method.
Validation and use of the Thornthwaite method to compute E p
We now summarize studies that have (1) compared the soil water variation as computed with the Thornthwaite method against measured observations; (2) used the Thornthwaite method to develop evaporation and soil moisture climatologies or to analyze the variability of soil moisture and/or its relationship to temperature variability; and (3) used the Thornthwaite or related methods to project the impact on soil moisture of future greenhouse gas-induced warming.
Validation of the Thornthwaite method
Pelton et al. (1960) , McGuiness and Bordne (1972) and Jensen (1973) presented relatively early evaluations of the Thornthwaite method. The latter two found the Thornthwaite evaporation to be consistently low compared to lysimeter-based estimates, but lysimeterbased estimates were known to be biased too high. Mintz and Serafini (1992) compared Thornthwaite, Penman-Monteith, and Budyko estimates of evaporation with measured evaporation at a site in Ohio. Their results are reproduced here in Fig. 1 , where it can be seen that the Thornthwaite evaporation again seems to be too low. However, the shapes of the annual cycle using the three methods are similar, although the Thornthwaite cycle lags behind in the spring as a consequence of using temperature as a proxy for incident radiation. Huang et al. (1996) compared computed and measured soil moisture and runoff climatologies at sites in Illinois and Oklahoma, and some of their results are reproduced here in Fig. 2 . There is good agreement between measured and calculated quantities. Mintz and Walker (1993) used observed values of Q* and T a to compare the Thornthwaite and Priestley-Taylor equations at four locations. The results are presented here in Fig. 3 and show close agreement -within ±0.5 mm/day -although the seasonal cycle demonstrates that Thornthwaite lags in springtime, as discussed above. They argue that because the Priestley-Taylor and Penman equations are approximately equal, the results of the Thornthwaite method are acceptably similar to both the Priestley-Taylor and Penman approaches.
Milly (1994a) estimated annual evaporation from observed precipitation and runoff in the central and eastern US. He found that this inferred evaporation was often in excess of the potential evaporation as predicted by the Thornthwaite method, and proceeded to scale the Thornthwaite E p by a factor 1.2 in a subsequent modelling effort (Milly 1994b) . Federer et al. (1996) intercompared seven methods for estimating E p at five climaticallydifferent locations. The methods included the Thornthwaite and Penman equations. While they found some large discrepancies in annual E p among the methods, there was overall agreement for a wide range of climates. They found that the Thornthwaite method is less error prone compared to other methods when long time steps are used, making it a better choice for use with monthly data.
A disadvantage of the Thornthwaite method is that it does not reflect the physical reality that evapotranspiration is governed by the surface humidity and (indirectly) by incident radiation (Durre et al. 2000) . Instead, these processes are represented using the surface air temperature and solar declination (through the dependence of evapotranspiration on the number of hours of sunlight per day). This shortcoming may explain why Thornthwaite predictions lag behind other methods in the spring, when radiation increases faster than air temperature, and may also cause problems in cold or arid regions where real conditions are much different from the potential ones (Mintz and Serafini 1992; Federer et al. 1996) .
Water balance calculations
The use of the Thornthwaite method in water-balance calculations goes back over 40 years. Mather (1962 Mather ( , 1963a Mather ( ,b,c, 1964a Mather ( ,b,c, 1965 computed monthly average potential evapotranspiration, evapotranspiration, runoff, and end-of-month soil moisture at several thousand stations around the world. Strahler and Strahler (1978, Fig. 10.11) produced maps based on the data tabulations of Mather for their classic physical geography textbook, Modern Physical Geography. Baumgartner and Reichel (1975, pp. 2-25 and Plates 5, 7, 10-14 and 17-20) produced maps of annual mean evapotranspiration. Willmott et al. (1981a,b) did water balance calculations using the Thornthwaite method for 13,332 stations with complete temperature and precipitation records. Mintz and Serafini (1984) produced global maps of evaporation and soil moisture using an alternative β function,
and with a modified w* field. Willmott et al. (1985) adopted the above β function and allowed for snow cover and snowmelt. They produced maps of monthly snow cover, soil moisture, and evaporation using monthly precipitation and temperature input data. Mintz and Serafini (1992) allowed for partial interception of rainfall by vegetation. They computed daily E p values using daily T a data in Eq. 13 but monthly values in Eq. 15, with an appropriate alteration of the coefficients in Eq. 13. They produced monthly maps of potential evapotranspiration, evapotranspiration, soil moisture, and runoff. The latter allowed them to validate their calculations by comparison with observed runoff from large river basins. They found good agreement except at high latitudes, where the river flow was underestimated compared to the observations. This implies that the calculated runoff was too low, which may have been due to poor measurements or even systematic underestimation of snowfall. Huang et al. (1996) used the Thornthwaite method to compute an historical soil moisture dataset at 344 US climate stations, using monthly mean precipitation and temperature as inputs (however, they used a variable time step length in integrating the water balance equations). They examined spatial patterns, anomalies, and persistence of soil moisture variations. Finally, Nicholson et al. (1997) examined the soil water balance and its interannual variability at 1,400 rainfall stations in Africa with records generally in excess of 60 years in length. They relied largely on the Lettau (1969) "evapoclimatonomy" method, but did make some comparisons with the Thornthwaite and Penman-Monteith methods as benchmarks. 
Seasonal drought monitoring and projected impacts of future warming
The key advantage of the Thornthwaite method is that it requires only surface air temperature data. This makes it convenient for use in real-time detection of emerging drought conditions. The Thornthwaite equation is typically used in computing the Palmer Drought Severity Index (PDSI) (Palmer 1965 ). The PDSI is based on consecutive weeks or months of moisture deficit, determined by comparing precipitation with potential evapotranspiration under local climatic conditions. A detailed description of the implementation and limitations of the PDSI can be found in Alley (1984) .
There are several contemporary examples of the use of the Thornthwaite equation and the PDSI. The US Weather Bureau (NOAA) and the US Department of Agriculture use the Fig. 3 Calculated E p following Thornthwaite (Th) , compared with the calculated E p following Priestley and Taylor (P-T) (two circles indicate the spring and fall equinoxes) (from Mintz and Walker 1993, Fig. 9 ) Fig. 2 Observed (solid line) and calculated (dashed line) values for: a monthly soil moisture (mm) averaged over 1984-1991; b soil moisture anomalies (mm) for May to September only; c runoff (mm) averaged over 1960 -1989 (from Huang et al. 1996 , Fig. 1 Given the widespread and successful use of the Thornthwaite and similar methods in operational applications, one might be tempted to use such methods with output from AGCMs in climate change simulations. However, the Thornthwaite method, and off-line models in general, have the disadvantage of lacking feedbacks in the exchanges of moisture and heat with the AGCM. In operational settings this does not matter, as observed atmospheric variables are continuously used to drive the soil moisture prediction scheme. In a coupled AGCM-LSS, latent and sensible heat fluxes from the LSS influence subsequent temperature and precipitation in the AGCM (Dirmeyer 2001; Wu and Dickinson 2005) . However, if the strength of the coupling is weak, or if the fluxes that would be produced by the off-line LSS are relatively close to those of the on-line LSS, then the off-line model may still produce a realistic simulation of soil moisture. Off-line land surface modelling also has the advantage that smaller spatial scales can be used than those required by an AGCM.
In any case, a number of workers have used the Thornthwaite equation to assess the potential impact on soil moisture of future human-induced warming (Rind et al. 1990; Feddema and Mather 1992; Feddema 1999; Georgakakos and Smith 2001) . Rind et al. (1990) argued that AGCM predictions of changes in soil moisture are unreliable, particularly since soils are often predicted to be so dry for the control climate that there is little room for further drying. They also argue that, even when the predicted changes in soil moisture are correct, such changes are not an adequate indication of future drought. Instead, they claim, drought depends on changes in E p rather than in E. Feddema (1999) made use of monthly temperature and precipitation changes from the HadCM2 model in on off-line calculation to project the impact on evaporation and soil moisture deficits in Africa due both to anticipated warming and to desertification (which is represented by reducing the soil-moisture-holding capacity). Feddema noted that similar increases in temperature would lead to much higher evapotranspirative losses in places where temperatures are already warm, such as in the tropics. Georgakakos and Smith (2001) estimated changes in soil moisture during the next century in the United States. They multiplied Thornthwaite's E p by a factor of 1.2, as recommended by Milly (1994a) . They interpolated AGCM data from a Canadian Climate Centre AOGCM (CGCM1) to the specific locations of climate observation stations in the US. They predicted a definite drying trend -particularly in the southeastern US, which is consistent with predictions from CGCM1 (Boer et al. 2000) .
Climate change and the "pan paradox"
As noted above, a disadvantage of the Thornthwaite method is that it does not directly consider changes in humidity or incident radiation. An example how this could become a problem is the phenomenon that has been referred to in the literature as the "pan paradox": despite the slight global warming observed over the past several decades, observations using open pans of water have shown a decrease in the rate of evaporation in many parts of the world over the same time span (Roderick and Farquhar 2002) . Pan evaporation is used as an estimate of potential evapotranspiration, and would normally be expected to increase as the temperature rises. The cause of this reduction appears to be a combination of a decrease in incident radiation (due to solar radiation being reflected or scattered by aerosol pollution) (Nazarenko and Menon 2005) and an increase in relative humidity. The latter can occur due to increased precipitation in areas that had been moisture-limited; with more moisture available, the actual rate of evapotranspiration increases and decreases the vapour pressure deficit (Ramirez and Hobbins 2005) .
The "pan paradox" presents a challenge to any LSS that does not consider changes in the surface radiation budget, but is particularly troublesome for the Thornthwaite method, which empirically treats insolation as a constant. Observations show that insolation decreased over the period , but that the trend has since reversed (Wild et al. 2005) . Future changes in insolation depend on changes in pollution and on the effects that continued climate change may have on cloud cover, both of which are difficult to predict (Gifford et al. 2004) . Empirical methods would only maintain their accuracy if the changes in insolation remained relatively small. To the extent that decreasing solar radiation and increasing cloudiness are due to aerosol pollution (Nazarenko and Menon 2005) , and to the extent that aerosol emissions fall in spite of increasing CO 2 emissions (or, even more so, decrease with decreasing CO 2 emissions) (Smith et al. 2005 ), this will not be an issue in the long run.
Conclusions
AGCMs coupled to LSSs are most concerned with heat and energy fluxes; soil moisture is treated and even defined differently by different AGCM-LSSs. However, soil moisture is a critical quantity for assessing the impacts of climate change on natural systems, agriculture and water resources. While it is difficult to observe or simulate at the spatial scales used by AGCMs, it still deserves careful consideration.
Intercomparisons of the LSSs used by AGCMs have identified the most important factors in determining control-run soil moisture. These are the soil water-holding capacity, the inclusion of a canopy layer with a suitable stomatal resistance, the dependence of runoff on soil moisture, and the dependence of the evapotranspiration/potential evapotranspiration ratio on soil moisture. Together, these parameters determine the partitioning of rainfall into evaporation and runoff. Because of the predominant influence of a handful of simple parameters, LSSs can be calibrated to give similar soil moisture simulations in an off-line mode with a given fixed input forcing.
However, the results from Phases 3 and 4 of PILPS indicate that the difference between LSSs increases when they are coupled to atmospheric models (Henderson-Sellers et al. 1995b; Qu et al. 1998; Zhang et al. 2001) . Other studies show that allowing for climatic change can further increase the divergence between LSSs even after getting as comparable a set of soil moisture simulations as possible for the present climate (Crossley et al. 2000; Gedney et al. 2000; Irannejad et al. 2003) . While the quality of AGCM-LSSs appears to be improving (Henderson-Sellers et al. 2003a) , without high-quality long-term observationsand especially observations of the effects of changing climate -there remains significant uncertainty in AGCM predictions of soil moisture change.
On the other hand, operational schemes for simulating soil moisture changes and/or predicting drought conditions have been successfully used for many decades. These schemes make use of readily available observed data, and are ultimately derived from the same underlying physics as in AGCM LSSs. However, they use easily observed variables as proxies for the underlying physical driving forces and -if driven by AGCM in an offline mode -will not account for potentially important feedbacks between soil moisture and AGCM-predicted atmospheric variables (lack of feedback is not an issue when using observed atmospheric variables in an operational setting).
Given the difficulties with current LSSs in making consistent predictions of soil moisture change, we believe that the operational PE approach has equal merit as an alternative and complementary method for assessing possible future changes in soil moisture. The Thornthwaite equation and related methods have a long history and are familiar to agricultural planners. The development of a PE model that can emulate the sensitivities of runoff and evapotranspiration to available soil moisture as found in different AGCM-LSSs would be useful in evaluating the robustness of simulated soil moisture changes in particular regions, and could be readily coupled to a variety of crop-yield models.
